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© Mixing apparatus and method. 



© An apparatus and method for effecting mass or 
heat transfer between the bulk of a fluid and a 
transfer surface boundary layer comprises a conduit 
having, transverse baffles spaced apart from the 
transfer surface such that vortex mixing is induced in 
fluid passed along the conduit in pulsed flow. The 
transfer surface may be a membrane suitable for 
microfiltration, ultrafiltration or pervaporation. 
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MIXING APPARATUS AND METHOD 



The present invention relates to mixing appara- 
tus and in particular to an apparatus and method 
for effecting mass or heat transfer between the bulk 
of a fluid and a surface boundary layer of the fluid. 

Polarisation due to poor mass or heat transfer 
between the bulk of a fluid and a surface boundary 
layer may adversely affect a variety of processes 
such as filtration, ultra-filtration, microfiltration, re- 
verse osmosis, electrodialysis, electrodeposition, 
electrolysis, heterogenous catalysis, dissolution, 
heat exchange and the like. Such processes take 
place at a transfer surface. A transfer surface is a 
surface at which mass or heat transfer may take 
place and may comprise a membrane, filter, elec- 
trode, catalyst surface, heat exchange surface and 
the like. 

Such processes may be effected in a conduit 
wherein the fluid is passed along the conduit and 
over the transfer surface such that mass or heat 
transfer takes place between the bulk of the fluid 
and a surface boundary layer of the fluid and 
thence between the boundary layer and the trans- 
fer surface. 

It is usually desirable to have good mass or 
heat transfer perpendicular to the transfer surface 
to reduce polarisation without excessive mixing in 
the direction of the fluid flow which can reduce a 
concentration or temperature gradient in the direc- 
tion of the fluid flow. Furthermore, good mass 
transfer may help to reduce fouling in ultrafiltration 
processes for example. 

One way of inducing this perpendicular mixing 
is to create turbulent flow in the fluid using a high 
fluid flow rate over the transfer surface. This has 
the disadvantage that the nett transfer between the 
surface and the fluid per unit length of surface is 
low and fluid may have to be recycled. There are 
other ways of inducing mixing, for example, Eu- 
ropean patent application no. EP 0079040 relates 
to a filtration method in which the liquid flow is 
pulsed to reduce surface fouling. United Kingdom 
patent application no. GB2188563A relates to a 
membrane layer having protrusions (e.g. studs 
and/or ribs) serving as flow disturbing means. Unit- 
ed Kingdom patent application no. GB 2168907 
relates to a membrane filtration method in which 
the fluid flow is pulsed and further in which the 
transfer surface is adapted to produce vortex mix- 
ing by machining grooves or furrows into it. 

It is not always possible to fabricate thin or 
fragile membranes with grooves or furrows on their 
surface. Also, if the membrane is of the coated 
type, it may not be possible to apply it to an 
undulating surface since, when the membrane is 
cast as a liquid it may settle into the grooves 



before setting. Also, if baffles are applied to a 
transfer surface the effective area of the transfer 
surface may be reduced or become damaged by 
the baffles. 

5 Thus, according to the present invention there 

is provided apparatus for effecting mass or heat 
transfer between the bulk of a fluid and a surface 
boundary layer of the fluid at a transfer surface, the 
apparatus comprising a conduit having a transfer 

10 surface, means for passing the fluid in pulsatile 
flow along the conduit and over the transfer surface 
and one or more baffles transverse to the direction 
of the fluid flow, the baffles being adapted to in- 
duce vortex mixing and being spaced apart from 

rs the transfer surface. 

According to the present invention there is also 
provided a method of effecting mass or heat trans- 
fer between the bulk of a fluid and a surface 
boundary layer of the fluid at a transfer surface, 

20 comprising passing the fluid in pulsatile flow along 
a conduit and over a transfer surface, the conduit 
having baffles transverse to the direction of the 
fluid flow and the baffles being spaced apart from 
the transfer surface so that vortex mixing is in- 

25 duced in the fluid. 

The transfer surface may comprise a filter, 
membrane, electrode, catalyst, heat exchanger or 
the like. The apparatus and method may be used 
for membrane filtration such as ultrafiltration, micro- 

30 filtration or reverse osmosis wherein the fluid com- 
prises liquid with suspended particulate material, 
colloidal material or solute and the transfer surface 
comprises a membrane having pores of a suitable 
size to allow at least a part of the liquid to pass 

35 through the membrane and to be collected on the 
other side of the membrane whilst the particulate 
material, colloidal material or solute is retained 
within the conduit. Similarly, the apparatus may be 
used for filtration of solid/gas fluid or liquid/gas 

40 fluid. 

The apparatus and method of the present in- 
vention may be used for pervaporation wherein a 
fluid comprising at least two liquids is passed in 
pulsatile flow along the conduit and over the trans- 

45 fer surface, the transfer surface comprising a mem- 
brane selectively permeable to at least a part of 
one of the liquids which passes through to the 
other side of the membrane over which a gas or 
liquid is passed or to which a reduced pressure is 

so applied. 

The apparatus and method of the present in- 
vention may be used for such processes as osmo- 
sis, reverse osmosis, electrodeposition, electroly- 
sis, dissolution, electrodialysis, heterogenous reac- 
tions, heterogenous catalysis.and the like. 
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The apparatus and method of the present in- 
vention may be used for heat transfer between two 
fluids; one fluid inside the conduit and the other 
fluid outside the conduit in contact with the transfer 
surface. In this embodiment the transfer surface 5 
should have good heat transfer characteristics but 
may not allow mass transfer. 

The conduit may have any suitable transverse 
cross-section. The cross-section may be circular, 
square or rectangular. ?o 

The transfer surface may form all or part of the 
conduit. For example, the conduit may have a 
square or rectangular transverse cross-section with 
the transfer surface forming one or two sides of the 
conduit. *5 

Preferably, the baffles have sharp edges, for 
example with thin rectangular, triangular or dia- 
mond lateral cross-section. The baffles may have a 
circular, square or rectangular transverse cross- 
section. Preferably, the transverse cross-section 20 
area of the baffles is 40 to 60% of the transverse 
cross-section area of the conduit. The baffles may 
be spaced at intervals along the conduit. The baf- 
fles may be mounted at intervals on a shaft along 
the conduit. The baffles may be attached to the 25 
parts of the conduit which do not comprise the 
transfer surface. Preferably, for square or rectangu- 
lar transverse cross-section conduits having a pair 
of transfer surfaces forming opposite sides of the 
conduit, the baffle spacing is 1 to 4 times the so 
distance between the opposite transfer surfaces. 
Preferably, for circular transverse cross-section 
conduits with circular transverse cross-section baf- 
fles, the baffle spacing is 1 to 4 times the trans- 
verse diameter of the conduit. The baffles may be 35 
hollow and heat exchange fluid may be passed 
through the baffles, for example in pervaporation 
wherein latent heat of vaporisation may cool the 
fluid. 

The puisatile fluid flow may be pulsed unidirec- 40 
tionally, that is to say the velocity of the fluid in the 
general direction of the fluid flow may vary periodi- 
cally between a known maximum and a known 
minimum. Preferably, the pulsatile fluid flow is 
oscillatory so that fluid flow reversal takes place; 45 
that is to say the velocity of the fluid in the general 
direction of the fluid flow rises and falls in a con- 
tinuous manner and passes through a negative 
value whilst still retaining an average flow greater 
than or equal to zero along the conduit. The oscil- 50 
latory fluid flow may be sinusoidal but other oscil- 
latory flow forms may be used. 

The pulsatile flow may be provided by continu- 
ously pumping the fluid along the conduit, for ex- 
ample by a centrifugal or gear pump and superim- 55 
posing unidirectional pulses or reciprocating os- 
cillations by use of suitable pumps, valves or other 
mechanisms. The pulsatile flow may be provided 



by a double piston pump. 

The invention will now be described by way of 
example only and with reference to the accom- 
panying drawings. 

Figure 1 represents, in schematic form, the 
apparatus used for measuring the effect of baffles 
and fluid flow on the mass transfer coefficient. 

Figure 2 represents, in schematic form, the 
circuit diagram for the apparatus of Figure 1 . 

Figure 3 shows, in graph form, limiting cur- 
rent curves for steady fluid flow through an unbaf- 
fled conduit. 

Figure 4 shows, in longitudinal cross-section, 
a conduit with one type of baffle according to the 
present invention. 

Figure 5 shows, in longitudinal cross-section, 
a furrowed conduit. 

Figure 6 shows, in longitudinal cross-section, 
a conduit with baffles on the transfer surfaces of 
the conduit. 

Figure 7 shows lateral cross-sections of var- 
ious types of baffles which may be used in the 
present invention. 

Figure 8, shows in graph form, mass transfer 
coefficients which were measured in a baffled and 
unbaffled conduit with steady fluid flow. 

Figure 9 shows in graph form, the mass 
transfer coefficients which were measured in baf- 
fled and unbaffled conduits with pulsatile fluid flow. 

Figure 10 shows, in graph form, mass trans- 
fer coefficients which were measured in a furrowed 
conduit. 

Figure 11 shows, in graph form, mass trans- 
fer coefficients measured for fluids with different 
Schmidt numbers using a conduit with baffles on 
the electrode sides of the conduit. 

Figure 12 shows, in graph form, mass trans- 
fer coefficients measured for fluids with different 
Schmidt numbers using a conduit with baffles 
spaced apart from the electrode sides. 

Figures 1 3 and 1 4 show the flow paths which 
were observed in the apparatus and method ac- 
cording to the present invention. 

To show the effect of vortex mixing on the 
mass transfer at the surface of a membrane in a 
conduit the technique of measuring electrochemical 
limiting current was used. In this method the cur- 
rent flow to an electrode under limiting current 
conditions is proportional to the mass transfer. The 
reaction used in the method for the examples con- 
tained herein was the reduction of ferricyanide ion 
in potassium ferricyanide to ferrocyanide at the 
cathode 

Fe(CN) E 3- + e~= Fe(CN) s *- 

An electrolyte was prepared in distilled water 
as 0.005 molar potassium ferricyanide, 0.01 5 molar 
potassium ferrocyanide and 0.5 molar potassium 
hydroxide. 
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The apparatus used for the present experi- 
ments is shown in Figures 1 and 2. 

In Figures 1 and 2, a conduit (1) was provided 
with baffles (2). The conduit had a rectangular 
transverse cross-section 6mm high with two op- 
posed sides being defined by a nickel anode (3) 
and nickel cathodes (4) as transfer surfaces 6mm 
apart. Two conduits of different widths were used; 
23.6mm and 30mm wide. Fluid (7) could be 
pumped from a header tank (8) by a centrifugal 
pump (9) through the conduit (1) at constant ve- 
locity. A double piston pump (10) and a rotating 
ball valve (11) could be used to superimpose os- 
cillations or pulses onto the fluid flow through the 
conduit (1). The pressure of the fluid was mea- 
sured by a pressure gauge (15) and the flow was 
measured by an electromagnetic flow meter (16) 
and rotameters (1 7). A variable voltage supply (20) 
provided voltage to the electrodes (3,4) and the 
current was measured by zero resistance amme- 
ters (21). 

The conduit (1) was used with and without 
baffles, the baffles had a rectangular lateral cross- 
section. Comparative experiments were performed 
with furrowed sides to the conduit and with baffles 
on the electrode sides of the conduit. 

Figure 3 shows the limiting current curves for 
different rates of steady fluid flow through the con- 
duit without baffles. 

Figures 4 to 6 show the different types of 
baffles used. In Figure 4 the longitudinal cross- 
section of the conduit (1) is shown with baffles (2) 
which had rectangular lateral cross-section and ex- 
tended transversely across the conduit. The baffles 
were 3mm high and 1mm thick. The conduit was 
6mm high so that 1.5mm gaps were left between 
the baffles (2) and the electrodes (3,4) defining 
opposite sides of the conduit. Baffle spacings of 
6mm and 12mm were used. The baffles were at- 
tached to the sides of the conduit which did not 
form the electrodes. In Figure 5 the longitudinal 
cross-section of the conduit is shown with furrowed 
sides, the furrows being semi-circular in cross- 
section and extending transversely across the con- 
duit on the two opposed electrode sides of the 
conduit. The furrows were 1.5mm deep and the 
conduit was 6mm high. In Figure 6 baffles are 
shown on the electrode sides of the conduit. The 
baffles were 1.5mm high and 1mm thick and in 
pairs so that each pair had the same transverse 
cross-section area as a central baffle of the type 
shown in Figure 4. The conduit was 6mm high so 
that the edges of the baffles were 3mm apart. 
Figure 7 shows in lateral cross-section some types 
of baffles which may be used according to the 
present invention, having rectangular, triangular, 
circular and diamond lateral cross-sections. 

In use, the solution (7) of potassium ferricya- 



nide, potassium ferrocyanide and potassium hy- 
droxide was pumped through the conduit (1) at 
different speeds with different configurations of baf- 
fles, and with different frequencies and amplitudes 

5 of pulses and oscillations. The peak to peak fluid 
displacement is defined herein as the peak to peak 
volume displacement divided by the transverse 
cross-section area of the conduit. The peak to peak 
volume displacement is the absolute volume dis- 

10 placement, being twice the forward or backward 
volume displacement for each pump stroke. 

The fluid properties of the solution (7) were 
essentially those of 0.5 molar potassium hydroxide 
in laboratory distilled water. In order to maintain a 

75 stable operating temperature (40 'C ± 1°C) the 
apparatus was operated continuously during the 
experiments. 



20 Comparative Experiments 

The mass transfer coefficients for steady flow 
in the 23.6mm wide conduit without baffles were 
measured and found to be in good agreement with 

25 published data. The results are shown in Figure 8. 

The mass transfer coefficients for steady flow 
with baffles as in Figure 4 and with a furrowed 
conduit as in Figure 5 were also measured for the 
23.6mm wide conduit and the results are also 

30 shown in Figure 8. 

The mass transfer coefficients for an unbaffied 
23.6mm wide conduit with pulsatile flow were mea- 
sured and are shown in Figure 9. The mean flow 
rate was 0.25 1/min which is equivalent to a Reyn- 

35 olds number of 250. Flow oscillation in the unbaf- 
fied conduit was by means of the piston pump (10) 
with a 1 4mm pump stroke which was equivalent to 
15mm fluid displacement peak to peak and the 
instantaneous flow rate was reversed by the oscilla- 

40 tions at frequencies of above about 1Hz. The ob- 
served mass transfer coefficients were more or 
less constant for increasing oscillation frequency 
with a slight rise at 5Hz when the pulse amplitude 
was 1 1/min. 

45 Comparative results for a furrowed 23.6mm 
wide conduit as in Figure 5 are shown in Figure 10 
for a mean flow rate of 0.25 1/min which is equiv- 
alent to a Reynolds number of 250 and 14mm and 
5mm double piston pump strokes, equivalent to 

so 15mm and 5.3mm peak to peak fluid displace- 
ments in the conduit respectively. 

Figure 11 shows the results obtained for a 
conduit as in Figures 1 and 2 but which was 30mm 
wide and 6mm high and had 1.5mm high baffles on 

55 opposite electrode sides of the conduit as in Figure 
6 at 9mm spacings. Different molar (M) concentra- 
tions of potassium hydroxide (0.5M, 2M, 4M) and 
different temperatures (25° C to 40° C) were used 
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to provide results for fluids at different viscosities 
and diffusivities and hence at different Schmidt 
numbers. The Schmidt number (Sc) is defined 
herein as viscosity/diffusivity. Oscillating fluid flow 
using a double piston pump at 5mm pump stroke 5 
length was used which is equivalent to a fluid 
displacement in the conduit of 4.24mm peak to 
peak. 



Examples According To The Present Invention 

The mass transfer coefficients for baffled 
23.6mm wide conduits as in Figure 4 with pulsatile 
flow were measured and are shown in Figure 9. 75 
The mean flow rate was 0.25 1/min which is equiv- 
alent to Reynolds number of 250. The baffled con- 
duits with pulsatile fluid flow had higher mass 
transfer coefficients than with steady fluid flow. 
With pulsed flow which was produced using a ball 20 
valve (11) and in which the flow was momentarily 
stopped and not reversed, there was a 50% in- 
crease in mass transfer coefficient at 2.5Hz with 
6mm spaced baffles. The curve shown in Figure 9 
tended to level off suggesting that there is no 25 
further increase with frequency. Measurements 
made with the baffles as in Figure 4 at 6mm and 
12mm spacing are shown in Figure 9 with oscillat- 
ing flow using the double piston pump (10) at 5mm 
and 14mm stroke length (equivalent to 5.3mm and 30 
15mm peak to peak fluid displacements in the 
conduit respectively). Flow reversal occurred at fre- 
quencies above about 2Hz at 5mm stroke length 
and above about 0.7Hz at 14mm stroke length. The 
maximum mass transfer coefficient measured with as 
the 23.6mm wide baffled conduit was about 
0.08mm/s which is 16 times that measured in an 
unbaffled conduit with steady, but similar (0.25 
1/min.) mean flow rate. 

Figure 12 shows comparable results to Figure 40 
11 but obtained using 3mm centered rectangular 
baffles as in Figure 4 at 9Ft spacing in place of the 
two 1.5mm side baffles on the electrodes. The 
conduit was 30mm wide and 6mm high. Different 
molar concentrations of potassium hydroxide and 45 
different temperatures were used to provide results 
for fluids at different viscosities and diffusivities and 
hence at different Schmidt numbers. Oscillating 
fluid flow from a double piston pump at 5mm pump 
stroke was used, which is equivalent to a fluid 50 
displacement of 4.24mm peak to peak. These re- 
sults show that mass transfer coefficients for baf- 
fles spaced from the electrode sides of the conduit 
are as good as for baffles on the electrode sides of 
the conduit. 55 

Figures 13 and 14 show schematically the flow 
paths which were observed in an oscillating fluid 
flow in a conduit (1) with baffles (2) and which were 



photographed using the apparatus as shown in 
Figures 1 and 2 with dilute aqueous sodium chlo- 
ride solution (7) at 25° C with a dispersion of reflec- 
tive platelets of natural pearl essence called Mearl- 
maid AA (trade name). The flow paths which were 
observed during the forward fluid flow are shown in 
Figure 13 and during the reverse flow are shown in 
Figure 14. From these it will be seen that fluid flow 
reversal may take place at the transfer surface (22) 
whereas with baffles attached to the transfer sur- 
face, it is believed that fluid flow reversal takes 
place in the centre of the conduit rather than at the 
transfer surface. It is believed that this fluid flow 
reversal at the transfer surface may be particularly 
beneficial in reducing surface fouling in microfil- 
tration and ultrafiltration processes and the like. 



Claims 

1 . Apparatus for effecting mass or heat transfer 
between the bulk of a fluid and a surface boundary 
layer of the fluid at a transfer surface, the appara- 
tus comprising a conduit having a transfer surface, 
means for passing the fluid in pulsatile flow along 
the conduit and over the transfer surface and one 
or more baffles transverse to the direction of the 
fluid flow, the baffles being adapted to induce vor- 
tex mixing and being spaced apart from the trans- 
fer surface. 

2. Apparatus according to claim 1 in which the 
transfer surface comprises a membrane. 

3. Apparatus according to claim 1 in which the 
transfer surface comprises a heat transfer surface. 

4. Apparatus according to any one of the pre- 
ceding claims in which the transfer surface forms 
at least part of the conduit. 

5. Apparatus according to claim 4 in which the 
conduit has a square or rectangular transverse 
cross-section. 

6. Apparatus according to claim 5 in which the 
conduit has a pair of transfer surfaces forming 
opposite sides of the conduit and the distance 
between the baffles is 1 to 4 times the distance 
between the opposite transfer surfaces. 

7. Apparatus according to any one of claims 1 
to 4 in which the conduit and the baffles have 
circular transverse cross-sections and the baffles 
are attached to a central shaft along the conduit. 

8. Apparatus according to claim 7 in which the 
distance between the baffles is 1 to 4 times the 
transverse diameter of the conduit. 

9. Apparatus according to any one of the pre- 
ceding claims in which the transverse cross-section 
area of the baffles is 40 to 60% of the transverse 
cross-section area of the conduit. 

10. Apparatus according to any one of the 
preceding claims in which the baffles have sharp 
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edges. from the membrane so that vortex mixing is irt- 

11. Apparatus according to claim 10 in which duced in the fluid, 
the baffles have rectangular, triangular or diamond- 
shaped lateral cross-section. 

12. Membrane filtration apparatus comprising a 5 
conduit having a membrane with pores of a suit- 
able size to allow liquid to pass through the mem- 
brane whilst particulate material, colloidal material 

or solute is retained within the conduit, means for 
passing liquid with suspended particulate material, jo 
colloidal material or solute in pulsatile flow along 
the conduit and over the membrane and one or 
more baffles transverse to the direction of the liquid 
flow, the baffles being adapted to induce vortex 
mixing and being spaced apart from the mem- is 
brane. 

13. Pervaporation apparatus comprising a con- 
duit having a membrane, means for passing a fluid 
comprising at least two liquids in pulsatile flow 
along the conduit and over the membrane, the 20 
membrane being selectively permeable to least a 

part of one of the liquids, and one or more baffles 
transverse to the direction of the fluid flow, the 
baffles being adapted to induce vortex mixing, and 
being spaced apart from the membrane. 25 

1 4. A method of effecting mass or heat transfer 
between the bulk of a fluid and a surface boundary 
layer of the fluid at a transfer surface, comprising 
passing the fluid in pulsatile flow along a conduit 

and over a transfer surface, the conduit having 30 
baffles transverse to the direction of the fluid flow 
and the baffles being spaced apart from the trans- 
fer surface so that vortex mixing is induced in the 
fluid. 

1 5. A method of effecting mass or heat transfer 35 
according to claim 14 in which the fluid is pulsed 
unidirectionally. 

16. A method of effecting mass or heat transfer 
according to claim 14 in which the fluid flow re- 
verses. 40 

17. A method of filtration comprising passing 
liquid with suspended particulate material, colloidal 
material or solute in pulsatile flow along a conduit 
and over a membrane having pores of a suitable 

size so that at least a part of the liquid passes 45 
through the membrane whilst the particulate ma- 
terial, colloidal material or solute is retained within 
the conduit, the conduit having baffles transverse to 
the direction of the fluid flow and the baffles being 
spaced apart from the membrane so that vortex 50 
mixing is induced in the liquid. 

18. A method of pervaporation comprising 
passing a fluid comprising at least two liquids in 
pulsatile flow along a conduit and over a mem- 
brane which selectively allows at least a part of one 55 
of the liquids to pass through the membrane, the 
conduit having baffles transverse to the direction of 

the fluid flow and the baffles being spaced apart 
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FIG. 3 Steady flow in unbaffled conduit. 
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FIG. 8 Steady fluid flow. 
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FIG. 9 Pulsatile flow. 
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